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Triple differential cross sections for the electron-impact ionization of the outer valence orbital of
tetrahydrofuran have been measured using the e, 2e technique. The measurements have been
performed with coplanar asymmetric kinematics, at an incident electron energy of 250 eV and at an
ejected electron energy of 10 eV, over a range of momentum transfers. The experimental results are
compared with theoretical calculations carried out using the molecular three-body distorted wave
model. The results obtained are important for gaining an understanding of electron driven processes
at a molecular level and for modeling energy deposition in living tissue. © 2010 American Institute
of Physics. doi:10.1063/1.3491030
I. INTRODUCTION
There is considerable interest in the ionization dynamics
of molecules for the interactions of ionizing radiation with
biological matter. In the past decade, experimental studies
have indicated that secondary particles produced by the pri-
mary ionizing event can play a significant role in radiation
damage to DNA.1 In the ionization process, large numbers of
secondary electrons with comparatively low energies 0–20
eV are liberated, which then interact with biomolecules such
as sugars,2,3 water,4 and the DNA and RNA bases.5–7 Pre-
cisely defining the nature of these electron-biomolecule in-
teractions presents a number of experimental and theoretical
challenges.8 One approach to characterizing them is to probe
isolated molecules in the gas phase. In the studies of radia-
tion damage in DNA, this approach of studying the processes
occurring in the constituent units, such as the isolated bases,
sugar, and phosphate units, has been proven to be a valuable
one and has enabled an understanding of some of the highly
complex molecular dynamics that are occurring.9 The pri-
mary focus of the present study is to further understand
electron-molecule interactions using smaller biomolecules to
compare directly with the components of larger biological
systems.
Here, we examine the electron-impact ionization of tet-
rahydrofuran THF C4H8O using the electron-electron coin-
cidence technique or e, 2e technique. This is a powerful
method for obtaining detailed information on the electron-
impact-induced ionization dynamics of atoms and
molecules.10 In the e, 2e technique, a projectile electron
with well-defined energy and momentum ionizes an atomic
or a molecular target. The scattered projectile and the ejected
target electron are detected in time coincidence and their
energies and momenta are determined. The method can also
be used to elucidate the bound electron structure of a target,
which is known as electron momentum spectroscopy
EMS.11 While many EMS studies have been performed on
both atomic and molecular targets, only a few experimental
e, 2e measurements have been undertaken to investigate the
dynamics of molecular ionization, and these have been
mostly limited to diatomic and small polyatomic molecules
including H2,12–14 N2,15–19 H2O,20,21 CO2,19,22 C2H2,23
N2O,24 and most recently CHOOH.25 This has been largely
due to the experimental and theoretical challenges involved
in molecular studies including, on the theory side, the de-
scription of a multicentered target, and on the experimental
side, the difficulties in resolving different molecular states
that are often closely spaced. Madison and Al-Hagan26 re-
viewed the recent theoretical work that has been performed
for some of these molecules.
Here, we report on the first dynamical e, 2e study of
THF, a larger polyatomic molecule of chemical and biologi-
cal importance. It can be regarded as a structural unit in a
number of biological molecules including the sugar moiety
in the sugar-phosphate backbone of DNA and RNA, as illus-
trated in Fig. 1. This backbone structure can be represented
as a series of THF molecules bonded to phosphate units and
DNA bases. The current study extends our previous e, 2e
investigations on the ionization dynamics of the H2O Ref.
20 and formic acid biomolecules.25
While no previous dynamical e, 2e studies of THF
have been reported in literature, it has been investigated by
EMS to study ring puckering and torsion in the ring.27,28 A
THF molecule is a five membered heterocyclic ring com-
pound that undergoes pseudorotation. This is an internal mo-
tion that involves of out-of-plane ring puckering vibrations
that occur in a way that makes the phase of the puckering
rotate about the ring.29 Three possible conformations of THF
aAuthor to whom correspondence should be addressed. Electronic mail:
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are produced by pseudorotation in the gas phase. These are
of C1, C2, and Cs point group symmetry. All three conforma-
tions are very close in energy; indeed, calculations predict
that the energy differences are within the error of many com-
putational models.27 There has been some debate and there is
still no general consensus about which conformation is the
lowest energy and most populated conformer.27,30 However,
experimental evidence indicates that both C2 and Cs con-
formers coexist at room temperature. Yang et al.27 compared
the simulated orbital momentum density probability distribu-
tions for the two conformers to distributions measured using
EMS and determined that the Cs structure is the preferred
conformer and the lowest energy structure. A second study
undertaken by the same group at higher energy found that at
room temperature, around 55% of THF molecules are in the
Cs conformation and 45% in the C2 form.28 Guiliani et al.30
determined, from high-resolution photoabsorption spectros-
copy supported by high-level ab initio calculations, that both
conformers exist at 298 K, with a Boltzmann analysis pre-
dicting 44.5% of THF molecules are in the Cs form and
55.5% in the C2 form. Recently, Dampc et al.31 also ob-
served evidence of both conformers in photoelectron spec-
troscopy PES studies.
Both elastic and inelastic electron scattering cross sec-
tions are of considerable interest for use in the studies of
charged particle track structure analysis, which is an ap-
proach used to simulate radiation damage in biological sys-
tems. The damage induced by a single source of radiation is
modeled by following the track of a primary particle and all
secondary charged particles that are produced in ionizing
collisions. As an example, recently, Champion32 developed a
Monte Carlo code to simulate electron transport and energy
deposition in biological material. Isolated water spheres were
considered to simulate processes in biological media. To ac-
curately model the chemistry, detailed information is re-
quired on the initial spatial distribution of events involving
both ionization and excitation along the charged particles’
path. Differential cross sections are an important source of
this information as they enable a complete three dimensional
description of the deposition of energy as a function of angle.
The knowledge of these cross sections for both the initial
primary particle and the secondary charged particles that are
produced in ionizing collisions is therefore required. The
data produced by experimentally measuring selected key
cross sections provide an important means of testing the the-
oretical calculations that are used to derive the extensive
cross section data needed to model these processes. A more
detailed description of radiation damage in biological sys-
tems may be gained by using charged particle track structure
techniques that include cross sections for other significant
biomolecules such as THF.33 It is anticipated that the results
presented here will be relevant for this purpose.
II. EXPERIMENTAL APPARATUS
The direct single ionization of a ground state target par-
ticle A by electron impact can be described by34
e−E0,k0 + A→ A+ + e−Ea,ka + e−Eb,kb , 1
where A+ is the ionized particle, and E0, Ea, Eb and k0, ka,
kb are the kinetic energies and momenta of the incident,
scattered, and ejected electrons, respectively. Energy and
momentum conservation requires
E0 = Ea + Eb + i, 2
q = k0 − ka − kb, 3
where i is the ionization potential of an electronic orbital in
the target species and q is the ion recoil momentum. The
recoil energy of the ion is small compared to the energy of
the other particles and is thus neglected. The momentum
difference between the incident and the scattered electrons is
given by the momentum transfer vector K,
 = k0 − ka. 4





is a measure of the probability that after ionization of a target
species by a projectile with energy E0 and momentum k0,
two electrons will be produced with energies Ea and Eb and
momenta ka and kb into the solid angles a and b. Due to
the large number of kinematic parameters associated with the
ionization process, there exist different geometric variations
of the TDCS, which probe different physical properties of
the process. In this study, we shall refer only to the coplanar
asymmetric geometry, which implies that all the electrons are
detected in-plane, that the scattered and ejected electron en-
ergies are vastly different, and finally that the scattered elec-
tron detection angle a is fixed. Figure 2 shows the reaction
kinematics in the present study.
FIG. 1. The segment of the sugar-phosphate backbone of a single strand of
DNA with an attached cytosine molecule. The location of THF in the strand
is highlighted by the blue ring. The repeating unit of the strand is marked by
the black dashed lines.
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This study has been conducted in a conventional e, 2e
spectrometer, which has been well documented in
literature,24 and so will only be briefly described here. The
spectrometer is housed in a large vacuum chamber that is
constructed from nonmagnetic 310 stainless steel, with an
internal mu-metal lining to reduce penetrating external mag-
netic fields. At the interaction region, magnetic fields are
further reduced to less than 1 mG by three orthogonal pairs
of Helmholtz coils.
An incident beam of electrons is produced from a thori-
ated tungsten filament and extracted via a Pierce grid ele-
ment. The resulting electrons are transported into the inter-
action region via a five-element cylindrical electrostatic lens
system. The resultant electron beam has an energy resolution
of approximately 0.5 eV full width at half maximum
FWHM and a diameter of approximately 1 mm at the in-
teraction region.
The tetrahydrofuran vapor target enters the interaction
region via a 0.69 mm internal diameter stainless steel capil-
lary. The vapor is obtained from a liquid sample, of 99.9%
stated purity Sigma-Aldrich, Australia, which is held in a
glass vial, with any trapped gases expelled via several freeze-
pump-thaw cycles. To prevent condensation, the beam-
forming capillary and associated gas handling system is held
at approximately 75 °C, while the vacuum chamber is
heated to approximately 50 °C. To help avoid deposition of
THF on the vacuum chamber and electron optics, a cold
finger is mounted approximately 5 cm above the interaction
region to collect the target beam. Made from 310 stainless
steel with an oxygen free, high thermal conductivity copper
disk at the collection end, the cold finger is filled externally
with liquid nitrogen.
Electrons exiting the interaction region are detected via
two hemispherical electron energy analyzers, mounted on in-
dependently rotatable turntables concentric with the interac-
tion region. Each of the hemispherical energy analyzers is
preceded by a five-element electrostatic lens system. After
passing through the hemisphere, the electrons are detected by
a channel electron multiplier Sjuts.
The angular cross sections are determined from the mea-
sured signal by rotating the ejected electron energy analyzer
around the detection plane and by measuring signal at each
scattering angle for a set period of time. Electron binding
energy spectra can also be measured by fixing the two elec-
tron energy analyzers at a given pair of angles. The scattered
electron energy is then treated as the independent variable
and the coincidence signal is measured at each scattered
electron energy for a set period of time.
The energies of the hemispherical electron energy ana-
lyzers and the electron gun have been calibrated using the
L2,3MM Auger spectrum of argon,
35
while the angular cali-
bration of the analyzers has been determined using the well-
defined minimum in the differential cross section for elastic
scattering of 60 eV electrons from argon.36 To ensure that the
apparatus was operating correctly throughout the measure-
ments, consistency checks were performed regularly. This
involved measuring the TDCS for He1s ionization under
similar kinematics and confirming that it remained in good
agreement with distorted wave Born approximation
DWBA calculations.
III. THEORY
The details of the molecular three-body distorted wave
M3DW approach have been presented in a previous
publication.26 In short, the THF molecular wave function
was calculated using density functional theory along with the
standard hybrid B3LYP Ref. 37 functional by means of the
ADF 2007 Amsterdam density functional program38 with the
TZ2P triple-zeta with two polarization functions Slater-
type basis sets. The experimental cross sections represent an
average over all molecular orientations and the previous
M3DW calculations have approximated this average using
the orientation averaged molecular orbital OAMO. The
OAMO approximation works very well for highly symmetric
molecular states. However, the OAMO is zero for the 9b and
12a states of THF due to antisymmetric cancellations of
different regions of space. To avoid these cancellations, we
have averaged the absolute value of the wave function in-
stead of the actual wave function. The three continuum dis-
torted waves are calculated using spherically symmetric ra-
dial potentials obtained for either the neutral molecule or the
ion. The potentials are a sum of a static part, the exchange
potential of Furness and McCarthy,39 and the correlation-
polarization potential of Perdew and Zunger.40 The static part
contains the interaction of a continuum electron with the
bound molecular electrons plus the nuclei. The electronic
part is obtained by finding the interaction potential for a
continuum electron with the molecular charge density either
neutral or ion and averaging this interaction over all orien-
tations. For the nuclear part, the charge of each nucleus is
placed on a thin spherical shell centered on the molecular
center-of-mass. Finally, the final state electron-electron inter-
action normally called postcollision interaction PCI is in-
cluded directly in the final state wave function, which means
that PCI is included in all orders of perturbation theory.
IV. RESULTS AND DISCUSSION
Figure 3 shows the coincidence binding energy spectrum
for the outer valence region of tetrahydrofuran. The incident
and ejected electron energies were fixed at 250 and 10 eV,
respectively, while the scattered electron energy was scanned
across a range of energies. The detection angles for the scat-
tered and ejected electrons were chosen to be 10° and 90°,
respectively. The experimental e, 2e coincidence energy
resolution was determined to be 1.5 eV FWHM, from the
width of the helium 1s binding energy peak measured under
the same kinematics. This has been used to define the peak
width, to fit a sum of Gaussian functions to the peaks in the
θb
θaE0 = 250 eV
Ea = 230.3 eV
Eb = 10 eV
FIG. 2. The reaction kinematics in coplanar asymmetric geometry. Ioniza-
tion is induced by a beam of 250 eV incident electrons. The ejected target
electrons with energies of 10 eV are detected to the left of the projectile
beam and the scattered projectile electrons to the right.
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spectrum shown in Fig. 3. We have used seven Gaussian
functions to fit the data, as labeled 1–7 in Fig. 3.
The outer valence region of THF is complicated by the
presence of many molecular orbitals; indeed, there are eleven
molecular orbitals for each of the C2 and Cs conformers of
THF that are calculated to lie within the binding energy
range we have measured. The highest occupied molecular
orbitals HOMOs of THF are dominated by the O2p and
H1s orbitals.41 Table I shows the binding energy for each
orbital, as well as the assignments and energies as deter-
mined via EMS Ref. 28 and PES.41 Our resolution of 1.5
eV is insufficient to resolve contributions from the two major
conformers. Photoelectron spectroscopy measurements of
Giuliani et al.30 with a significantly higher resolution of 50
meV also found the two conformers indistinguishable, al-
though they were able to observe vibrational structure asso-
ciated with the excitation of the ground ionic state in these
measurements. The first peak in Fig. 3 at an energy of 9.7 eV
is fitted by a single Gaussian function and assigned to the
combined outermost valence orbitals of THF 9b+12a,
which correspond to the outermost orbital of the C2 and Cs
conformers, respectively. This first peak is not completely
resolved from the next broad peak in the experimental data,
which we have fitted with two Gaussian functions, and in-
cludes contributions from up to eight orbitals, four attributed
to each conformer. The largest peak at approximately 16.8
eV is also fitted by two Gaussian functions and is assigned as
a combination of four different orbitals. These are 7a+8a at
16.6 eV and 5b+7a at 17.7 eV.
Here, we present triple differential cross sections for the
ionization of the combined outermost valence orbitals 9b
+12a, corresponding to the outermost orbitals of the C2
and Cs conformers. The experiments were performed at a
relatively low incident electron energy of 250 eV, while the
ejected electron energy was chosen to be 10 eV. The exami-
nation of the momentum density probability distributions for
the HOMO presented in Ning et al.28 indicates that for recoil
ion momenta below 0.5 a.u., one may expect the contribution
from the 12a orbital to be considerably larger than that of
the 9b orbital. Specifically, under the chosen kinematics, this
translates into ejected electron angles around 60°, where the
12a state dominates, and angles around 120°, where the
contributions are thought to be approximately equal.
Figures 4a–4c show the present experimental results
for the HOMO of tetrahydrofuran. The relatively large error
bars on the experimental data result from the small magni-
tude of the coincidence cross section. Traditionally, the an-
gular distributions are divided into two regions: the binary
region ranging from 0° to 180° and the recoil region that
ranges from 180° to 360°. The binary region is aptly named
because the structure here is attributed to single binary col-
lisions. Depending on the kinematics, the TDCS in the bi-
nary region may contain strong signatures of the orbital
structure.42 In contrast, the recoil structure arises from pro-
TABLE I. Tetrahydrofuran binding energies in eV, with the error in the Gaussian peak position quoted in
brackets. Giuliani et al. Ref. 30 did not report energies and orbital assignments for the peak designated




1 9.7 0.6 9.94 9b 9.91 12a 9.7 9.67
2 11.8 0.6 11.65 11a 11.65 11a 12.14 11.41
12.20 10a 11.89 8a 11.99
3 12.8 0.6 12.43 8b 12.26 10 12.48
12.62 9a 12.30 7a 12.90
4 14.3 0.6 14.21 7b 13.74 6a 14.54 14.00
14.82 6b 14.49 9a 14.45
14.95 8a 15.29 5a 15.29
5 16.6 0.6 16.57 7a 16.29 8a 16.74 16.70
6 17.7 0.6 16.93 5b 16.83 7a
























FIG. 3. The measured binding energy spectrum for the outer valence region
of tetrahydrofuran, fitted with a sum of Gaussian functions using the coin-
cidence energy resolution as the peak width.
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cesses whereby the ejected electron produced by an initial
binary collision undergoes subsequent recoil scattering from
the target nucleus.
As the experimental data are not on an absolute scale,
their maximum values have been normalized to unity. In Fig.
4a, it is evident from the relative size of the peaks in the
binary and recoil regions that there is a large amount of
interaction between the ejected electron and the target
nucleus under this kinematic arrangement. The data have
been fitted with a function of the form
fb = 
n
anPncosb −  , 6
where Pn are the Legendre polynomials. The binary and re-
coil regions have been fitted separately. The fit is to enable
better visualization of the distributions and no physical
meaning is attributed to the function. The same approach has
been used previously by Avaldi et al.43 and Cavanagh and
Lohmann.24 Table II shows the value of the symmetry angles
for the binary and recoil regions determined from the fit, bin
and rec, respectively, the highest-order Legendre polynomial
used in each fit nmax, and the direction of the momentum
transfer.
The data in Fig. 4a for a scattering angle of 5° ex-
hibit a local minimum very close to the momentum transfer
direction in both binary and recoil lobes. Although the Leg-
endre polynomial fit does not follow the clear dip in the
experimental data, the symmetry angle from the fit bin see
Table II coincides almost exactly with the momentum trans-
fer direction K.
At a scattering angle of 10°, the data in Fig. 4b ex-
hibit a broader binary peak, again with a local minimum near
the momentum transfer direction. This minimum appears
deeper than in Fig. 4a. The ratio of binary intensity to re-
coil intensity is much higher than for the 5° scattering
angle. The kinematics at the 10° scattering angle is close to
bound Bethe ridge conditions. On the bound Bethe ridge, the
kinematics satisfies the condition that all momentum is trans-
ferred to the bound, stationary target electron during the col-
lision. Under such conditions, the collision kinematics corre-
sponds to a binary e-e collision, where the ion plays no role,
and practically no recoil lobe is expected.
For the largest scattering angle of 15°, the binary peak
is again very broad. The relative size of the recoil peak is
also small. This appears similar to the findings from our
previous study on formic acid, where the size of the recoil
peak relative to the binary peak decreased greatly as the scat-
tering angle was increased and was significantly smaller than
for water under the same kinematics. It was suggested
previously25 that this trend is due to the location of the mol-
ecules’ center-of-mass, which, in the cases of both formic
acid and tetrahydrofuran, is quite some distance from a
charge center. Drawing on the arguments presented in Ref.
44, it is postulated that the lack of nuclear charge at the
center-of-mass results in a decreased recoil scattering.
It is harder to discern a clear minimum in the experimen-
tal binary peak for this case, but the symmetry angle deter-
mined from the Legendre polynomial fit is close to the mo-
mentum transfer direction. In Figs. 4a and 4b, the
symmetry angle determined from the fits is close to the
minima observed in the experimental data. This suggests that
the THF cross sections might have a double lobe structure in
the binary region, symmetric close to the momentum transfer
direction. As the momentum transfer is increased when the
scattered electron angle is increased, the kinematic condi-
tions for scattering angles of 5°, 10°, and 15° corre-
spond to being below, on, and above the bound Bethe ridge;
the double lobe structure appears below the bound Bethe
ridge, becomes more pronounced on the Bethe ridge, and
then barely discernable above the bound Bethe ridge at
15°. Double binary peak structures have previously been
observed for ionization of atomic p-states, so this may be a



























































































FIG. 4. Polar plot of the triple differential cross sections for ionization of the
combined 9b+12a valence orbital of tetrahydrofuran, with E0=250 eV and
Eb=10 eV. The scattered electron detection angles and the corresponding
momentum transfers are a 5°, K=0.40 a.u.; b 10°, K=0.75 a.u.;
and c 15°, K=1.11 a.u. The points are the experimental data and the
solid line is a fit of Eq. 6 to the data. The positions of the momentum
transfer vectors, K and −K, are indicated by the arrows.
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Figure 5 compares the present results with the M3DW
theoretical calculations. It is seen that the M3DW predicts a
binary peak very close to the momentum transfer direction
for both the 9b and 12a states, which means that the sum
has also a peak for this direction where the experiment finds
a minimum. As mentioned above, atomic cross sections for
p-states have been found to have a double binary peak with a
minimum near the momentum transfer direction. Assuming
that this split peak originates from the 2p nature of the mo-
lecular state, the M3DW would not be able to reproduce this
feature of the data since the averaging process automatically
produces an s-state type of angular dependence, which
means that the cross sections will have a binary peak near the
momentum transfer direction. PCI causes a slight shift of the
binary peak to larger scattering angles, which is consistent
with symmetry angles listed in Table II. However, the experi-
mental shift is much larger for 10° and 15° than the
M3DW predicts. As predicted by Ning et al.,28 we find that
the 12a state dominates the 9b state in the binary peak re-
gion near 60°, and above 120°, the two states make almost
equivalent contributions.
The M3DW predicts recoil peaks in qualitative agree-
ment with experiment for 10° and 15° but not 5°. Very
recently, Toth and Nagy46 reported a very similar DWBA
calculation for ionization of CH4. The M3DW reduces to the
DWBA if PCI is neglected in the final state wave function.
Toth and Nagy showed that the size of the recoil peak is
related to the strength of the nuclear term in the static poten-
tial and they attributed underestimating the magnitude of the
recoil peak to a nuclear interaction that is too weak, which is
caused by the spreading of the nuclear charge over a spheri-
cal shell. Since the M3DW properly predicts the relative
height of the recoil peak for the two larger angles that cor-
respond to smaller impact parameter collisions, this “weak-
ening” of the nuclear scattering is evidently more important
for large impact parameters than small one. On the other
hand, it is difficult to see why backscattering should be more
important for large impact parameters than small one.
V. CONCLUSIONS
We present dynamical e, 2e studies for the THF mol-
ecule, which is a model compound to investigate electron
interactions with the deoxyribose molecule. The measured
binding energies and orbital assignments are in good agree-
ment with the available EMS and PES data. The TDCSs at
all scattered electron angles investigated show a broad binary
peak. Similar to the formic acid monomer, experimental
TABLE II. Values of the symmetry angles bin and rec for fits of Eq. 6 to the binary and recoil regions,
respectively, of the experimental e, 2e cross section for the ionization of the combined outermost valence
orbitals 9b+12a of tetrahydrofuran. nmax is the highest-order polynomial used for each fit. K and −K












5 3 62.5 62.3 2 289.2 242.3
10 2 88.5 70.5 3 236.2 250.5


































































FIG. 5. Plot of the triple differential cross sections for ionization of the
combined 9b+12a valence orbital of tetrahydrofuran, with E0=250 eV and
Eb=10 eV. The scattered electron detection angles and the corresponding
momentum transfers are the same as in Fig. 4. Points are the experimental
data. Dashed curve green: M3DW calculation for the 12a orbital. Dotted
curve red: M3DW calculation for the 9b orbital. Solid curve blue:
M3DW calculation for the combined 9b+12a orbitals.
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cross sections for THF exhibit a significant change in the
binary peak shape as the scattering angle is varied and a ratio
between the recoil peak magnitude and the binary peak mag-
nitude, which is much smaller than that observed for ioniza-
tion of water under the same kinematics.
The M3DW was generally in qualitative agreement with
the experimental data, except that the experimental data ex-
hibited a split binary peak, while the theory only had a single
peak and the theoretical recoil peak for the smallest scatter-
ing angle was much smaller than the experimental data. Also,
the theoretical width of the binary peak was smaller than the
experimental data, indicating a possible problem with the
initial bound state momentum distribution. For the two larger
scattering angles, the M3DW produced qualitative agreement
with the recoil peak and reasonably good agreement with the
ratio of binary to recoil peak heights. Considering the com-
plexity of the molecule, we think that the M3DW was in
surprisingly good agreement with the experimental data.
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